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ABSTRACT: In this work, a new hydrogen peroxide
(H,O,) sensor was reported based on electropolymerizing
pyrocatechol violet (PCV) on a glassy carbon electrode
modified with multiwalled carbon nanotubes (MWCNTs).
The modified electrode was characterized by cyclic vol-
tammetry (CV) and scanning electron micrography. The
result of electrochemical experiments showed a favorable
catalytic activity toward the reduction of H,O, at —0.4 V
with a linear response range from 2.0 pM to 2.4 mM and a

detection limit of 0.7 uM (at a S/N = 3). The well catalytic
activity of proposed sensor could be attributed to the
poly-PCV/MWCNTs composite film on the electrocatalytic
reduction of H,O,. In addition, the sensor also exhibited a
high sensitivity, good stability, and reproducibility. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 112: 3488-3493, 2009
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INTRODUCTION

Since the discovery of the carbon nanotubes (CNTs)
in 1991," they have been considered one of the most
promising materials for field emission application,
nanoscale electronic, and optoelectronic devices
because of their high electrical conductivity, high as-
pect ratio "whisker-like" shape for optimum geomet-
rical field enhancement and remarkable thermal
stability. In recent years, the CNTs have been
applied in various fields such as energy storage,’
actuators,” and sensors.* Especially, it opens a new
door for electroanalytical chemistry field because of
its large specific surface area and good capability of
electron transfer. It has been reported that CNTs
modified electrodes were successfully applied to
study and determine many biological and organic
molecules such as ascorbic acid and uric acid,’
NADH,® amino acids,” rutin,® hydrazme, H,0,,!
adenine, and guanine.12 13

In recent years, conducting polymer/CNTs-modi-
fied electrode has been of great interest in the elec-
trocatalysis reactions because of their unique
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chemical and electrochemical properties. It has also
been demonstrated that the incorporation of CNTs
into conducting polymer-modified electrode possess
the properties of the individual components with a
synergistic effect that would be useful in particular
application."*?' Among the various conducting poly-
mers, organic dyes as particular conducting polymer
monomer with a high application potential have
become the most attractive one because of its facile
preparation, high conductivity, and good environ-
mental. A series of organic dyes such as neutral
red,”??7?* toluidine blue O, alizarin red S,*° congo
ed,”?® and thionine'**! have been used to pre-
pare electrochemical sensors with CNTs, and they
all exhibit excellent electrocatalytic ability to biologi-
cal molecules.

Pyrocatechol violet (PCV, with the chemical struc-
ture shown in Scheme 1), a dye in the triphenylme-
thane series, has been used for the determination of
AP and other metal ions.** The monomer dyes
possess very good electrocatalytic activity toward
the redox of small molecular compounds such as
ascorbic acid and dopamine,® hydrazine,® and
NADH,” displaying excellent electron transform effi-
ciency as an electron transfer mediator. Recently,
Zheng and coworkers® reported H,O, determination
using carbon ceramic electrodes modified with PCV.

Over the last decades, the accurate determination
of H,0, has received considerable attention because
it is an essential mediator in food, pharmaceutical,
clinical, and environmental analysis. Enzyme (e.g.,
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Scheme 1 The structure of pyrocatechol violet (PCV).

peroxidase) electrodes have been fabricated for H,O,
detection with simplicity, high sensitivity, and selectiv-
ity,* but their operational conditions are generally
limited because of the denatruation of enzymes. Prus-
sian blue (PB) and silver-DNA hybrid films have been
developed as catalytic sensors to detect H,O,.*' ™ De-
spite these advances, it is still a great challenge to
construct highly selective, sensitive, stability, and biore-
cognition interfaces for the determination of H;O,.

In this article, the PCV was voltammetrically elec-
tropolymerized onto the glassy carbon electrode
(GCE) modified with multiwalled carbon nanotubes
(MWCNTs), and the resulting modified electrode
was used to detect H,O,. The experimental results
showed the proposed electrode exhibited a noticea-
ble electrocatalytic property toward the reduction of
H,O, with a linear response range from 2.0 pM to
24 mM, and the detection limit is 0.7 uM. To our
knowledge, this is the first application of poly-PCV/
MWCNTs to fabricate an electrochemical H,O, bio-
sensor with a favorable performance for the rapid
detection of H,O,.

EXPERIMENTAL
Apparatus and reagents

Electrochemical experiments were performed with a
CHI 660B electrochemical workstation (CH Instru-
ments, Chenhua Corp. Shanghai, China) with a
three-electrode configuration. The bare or modified
GCE (3.0 mm in diameter) was used as the working
electrode, a saturated calomel electrode (SCE) as the
reference electrode, and a platinum wire as the aux-
iliary electrode. All the potentials quoted in this arti-
cle were referred to the SCE.

MWCNTs (95% purity) were purchased from
Chengdu Institute of Organic Chemistry of Academy
of Sciences and synthesized by chemical vapor depo-
sition. PCV was obtained from the Jiangsu Chemical
Company (China). H;O, and other chemicals were
of analytical grade and were obtained from Shang-
hai Chemical Reagent (Shanghai, China) used with-
out further purification. Voltammetric experiments

were carried out in solutions deaerated by pure
nitrogen. The phosphate buffer solution (PBS, 0.1M)
was prepared by 0.1M KH,PO, and 0.1M K,HPO,,
and then adjusted the pH with 0.1M H;PO, and
0.1M KOH solutions. All the solutions were pre-
pared with doubly distilled water, and all experi-
ments were conducted at the room temperature.

Fabrication of the modified electrode

Prior to the modification, the bare GCE was polished
successively with emery paper and alumina slurries
(0.3 and 0.05 pm), thoroughly rinsed with water and
sonicated in nitric acid (1 : 1), acetone and doubly
distilled water (each for 5 min). MWCNTs (1.0 mg)
were dispersed in 10 mL N,N-dimethylformamide
by ultrasonic agitation for about 60 min to get a
0.1 mg/mL black suspension. The MWCNTs-modi-
fied electrode was prepared by casting 5 pL of the
MWCNTs on a clean GCE surface, which was
allowed to dry in air at room temperature, and then
rinsed with doubly distilled water to remove the
physical adsorption of MWCNTs. The obtained elec-
trode was described as MWCNTs/GCE. The poly-
PCV/MWCNTs-modified electrode was prepared by
immersing the MWCNTs/GCE into 0.1M KCI solu-
tion containing 1.0 mM PCV by cyclic potential scan
between +0.1 and +0.9 V at 20 mV/s for 16 cycles
and rinsed with doubly distilled water.

RESULTS AND DISCUSSION

Electropolymerization of the PCV
on MWCNTs/GCE

The electropolymerization process of PCV on
MWCNTs-modified electrode was investigated by
cyclic voltammetry (CV), which is shown in Figure 1.
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Figure 1 CVs of the poly-PCV film on a GCE modified
with MWCNTs in 0.1M KCl solution containing 1.0 mM
PCV. Scan rate: 20 mV/s.
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Figure 2 CVs of different electrodes in 0.1M PBS (pH
6.0): (a) bare GCE; (b) MWNTs/GCE; and (c) poly-PCV/
MWCNTs/GCE. Scan rate: 100 mV/s.
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The CVs show that the currents of two pairs of re-
versible redox peaks increase gradually with increas-
ing scan cycles. After CV scanning 16 cycles in the
potential range from +0.1 to +0.9 V at 20 mV/s, the
peak currents tended to become stable. This means
that the PCV can be successfully electropolymerized
and form conducting polymer on the surface of
MWCNTs-modified electrode.

In this work, the modified electrode was charac-
terized using electrochemical and microscopic meth-
ods [CVs and scanning electron micrograph (SEM)].
Figure 2 compared the CVs responses of the bare
GCE, the MWCNTs/GCE, and the poly-PCV/
MWCNTs/GCE in 0.IM PBS (pH 6.0). It was
observed that no redox peaks appeared at GCE (a)
and MWCNTs/GCE (b). However, for curve ¢, one
pair of the obvious redox peaks was observed.
According to the literature,”™ we suggested the
obvious redox peaks were corresponding to one pair
of the redox of poly-PCV on the surface of the modi-
fied electrode, which proved that the PCV was elec-
tropolyerized on the modified electrode.

Figure 3 displayed typical morphologies of pure
MWCNTs (a) and poly-PCV/MWCNTs/GCE (b)
characterized by SEM. From Figure 3(a), it can be
seen that the MWCNTs were in small bundles and
distributed homogeneously exhibiting a special
three-dimensional structure. Compared with Fig-
ure 3(a), after PCV was electropolyerized on the
MWCNTs/GCE, the composite structure changed
significantly, as shown in Figure 3(b), which had an
obvious formation of composite film.

Electrochemical properties of the
poly-PCV/MWCNTs/GCE

The activity of PCV was one of the important factors
that work on the electrocatalytic current for the
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H,0; sensor. The buffer solution’s pH value affected
the activity of PCV, and the redox response of the
poly-PCV film would be pH dependent. Therefore,
voltammetric responses of the poly-PCV/MWCNTs-
modified GCE were studied in buffer solution with
pH values varying from 4.0 to 8.0. As shown in
Figure 4, the peak currents of voltammograms
increased with the pH value and showed a maxi-
mum value when pH was about 6.0, and then the
peak currents began to decrease with increasing pH
value. Therefore, pH 6.0 was selected as the opti-
mum pH value in the following experiments.

It could be seen from Figure 4 (inset) that the pH
dependence of oxidation peak potentials of PCV
obeys the equations, E,(V) = 0.4834-0.0585 pH (R* =
0.9966). The slope of 58.5 mV/pH was closed to the
theoretical value of Nernst response, suggesting that
equal numbers of electrons and protons take part in
the electrode reaction. When the potential was
scanned between +0.4 and —-0.2 V, one double
reversible redox waves were observed attributed
to the and oxidation of quinine-

reduction

Figure 3 The SEM images of (a) pure MWCNTs and (b)
poly-PCV/MWCNTs modified GCE.
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Figure 4 CVs of the poly-PCV/MWCNTs/GCE in 0.1M
PBS at various pH values: (a) 4.0; (b) 5.0; (c) 6.0; (d) 7.0;
and (e) 8.0. Scan rate: 50 mV/s. Inset: plot of E versus pH
value.

hydroquinone functionalities. The possible redox
process of poly-PCV on the MWCNTs-modified elec-

trode was shown as follows®®:

+ 2~ +2H"

The dependence of redox peaks of the poly-PCV/
MWCNTs/GCE on the scan rates was investigated
as shown in Figure 5. The peak currents of cathodic

Current/pA

1 i i ]
05 06 07 08

_50 I i 1
0.2 01 00 01 02 03 0.
Potential/\V

Figure 5 CVs of the poly-PCV/MWCNTs/GCE in 0.1M
PBS (pH 6.0) at various scan rates (from inner to outer
curve): 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, and
240 mV/s. Inset graph: plots of peak currents versus scan
rate.
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Figure 6 CVs of poly-PCV/MWCNTs/GCE in 0.1M PBS
(pH 6.0) in the absence (c) and presence (e) of 10.0 mM
H,0,, (b,d) as (ce) for MWCNTs/GCE under the same
condition, and (a) for bare GCE with 10.0 mM H,O,. Scan
rate: 100 mV/s.

and anodic increased linearly with the increase of
scan rate, and the peak current (I,) was proportional
to the scan rate (v) from 20 to 240 mV/s (inset, Fig. 5),
which indicated a surface-confined wave.

Electrocatalytic reduction of H,0,

To address the analytical applicability of poly-PCV/
MWCNTs/GCE, electrocatalytic activity of the modi-
fied electrode toward the reduction of H,O, was
performed with 0.1 PBS (pH 6.0). Figure 6 shows
CVs of poly-PCV/MWCNTs/GCE in 0.1M PBS (pH
6.0) in the absence (c) and presence (e) of 10.0 mM
H,0O,, (b and d) as (c and e) for MWCNTs/GCE
under the same condition. (a) For bare GCE with
10.0 mM H,O,, no obvious current was observed for
H,0O, reduction at the bare GCE over the potential
range 0 to —0.6 V. However, with the MWCNTs-
modified GCE (d), a small cathodic current was
observed for the reduction of H,O,. In contrast, at
the poly-PCV/MWCNTs-modified GCE (e), a higher
cathodic current appears at more positive potential
for the reduction of H,O,. These results indicated
that the poly-PCV/MWCNTs/GCE showed lower
overpotential for H,O, than PCV modified CCE®®
and possessed the relatively remarkable catalytic
ability to H>O, reduction. The results of experiment
also demonstrated the poly-PCV could act as a pro-
moter to enhance the electrochemical reaction and to
increase the rate of electron transfer, and the obvious
catalytic current could result from the poly-PCV/
MWCNTs composite film on the electrocatalytic
reduction of H,O,.
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Chronoamperometric response to H,O,
and calibration curve

The poly-PCV/MWCNTs/GCE displayed to be
excellent amperometric sensors for H,O,. Based on
the CV results described earlier, the modified elec-
trode facilitated low-potential amperometric detec-
tion of H,O, and amperometric current-time
response was recorded to estimate the detection
limit and the calibration curve for H,O, detection at
the poly-PCV/MWCNTs/GCE. The typical steady-
state catalytic current-time curve of the sensor in
PBS (pH 6.0) at an applied potential —0.4 V (versus
SCE) is shown in Figure 7. The electrochemical
response to H,O, displayed a linear range from
2.0 uM to 2.4 mM, and the detection limit was esti-
mated to be 0.7 uM based on the criterion of signal-
to-noise ratio of 3 (S/N = 3), which was lower than
that of 4 uM at PCV-modified CCE.*® The selectivity
of the sensor was evaluated, and electroactive sub-
stances such as ascorbic acid and uric acid had no
obvious interference on the detection of H,O..

The linear range and detection limit of various
electroanalytic methods proposed for determination
of H,O, were compared with our analytical data in
Table I. From the data shown, a lower limit of detec-
tion and wide linear range for the detection of H,O,
could be achieved using the proposed methods. Our
results were good when comparable with exciting
methods, and this new biosensor could be useful in
the electroanalysis of HyO,.

Reproducibility and stability

The reproducibility and stability of the developed
biosensor were explored. The reproducibility of
modified electrodes, which were independently con-
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Figure 7 Typical steady-state response of the sensor to
successive injection of H,O, into the stirring 0.1M PBS
(pH 6.0). The inset was the calibration curve. Applied
potential: —0.4 V.
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TABLE I
Comparison of Modified Electrodes for
Determination of H,0,

Linear Detection

Modified electrode range (uM) limit (uM) References

TH/MWCNTs/Nf/PIGE 1.37-344 - 30
HRP/Ugi-4CR/AuE 70-8800 0.3 40
PB bluk/GCE 1.2-100 0.4 42
Ag-DNA/GCE 2.0-2500 0.6 45
PCV/CCE 7.8-160 4 38

Poly-PCV/MWCNTs/GCE  2.0-2400 0.7 This work

structed, based on the same bare electrode was 5%
(RSD, n = 8). The stability was investigated by CV
in 0.1M PBS (pH 6.0). The results showed that
the poly-PCV/MWCNTs/GCE exhibited one well-
defined pair of redox peaks after scanning from +0.4
to —0.2 V. After 100 continuous cycles with a scan
rate of 100 mV/s, the peak current of the cyclic vol-
tammogram decreased less than 6% and the peak
potential almost unchanged. The high stability of
the MWCNTs-based H,O, sensor may originate
from the advantage of MWCNTs and poly-PCV
comodifider.

CONCLUSION

In this work, a novel H,O, sensor based on electro-
polymerizing PCV on MWCNTs-modified GCE was
fabricated. This is the first application of poly-PCV/
MWCNTs film to prepare an electrochemical H,O,
biosensor with a favorable performance for the rapid
detection of H,O,. Our experiments confirmed that
the sensor showed the satisfied electrocatalytic abil-
ity for the reduction of H,O,. The high selectivity,
low cost, fast amperometric response, a low detec-
tion limit, and a wide linear range are the main fea-
tures of the proposed sensor. Compared with
previous H,O, sensors with MWCNTs or PCV film,
this poly-PCV/MWCNTs/GCE with its large surface
area and good charge-transport characteristics
improved detection sensitivity for H,O, reduction.
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